Lyme borreliosis is a systemic disease caused by infection with the spirochete Borrelia burgdorferi (10) . It is presently the most common arthropod-borne disease in the United States, where thousands of cases are reported to the Centers for Disease Control and Prevention every year (15) . At least three genospecies pathogenic to humans have been characterized: B. burgdorferi sensu stricto, B. afzelii, and B. garinii. Only B. burgdorferi sensu stricto is endemic in North America, while all three genospecies are endemic in Europe. The organs most often affected are the skin, the joints, the heart, and the central and peripheral nervous systems (56) . Neurological manifestations of B. burgdorferi infection, known as Lyme neuroborreliosis, occur in 5 to 20% of patients in North America (23, 60) . They include aseptic meningitis, facial nerve palsy, radiculitis, peripheral neuropathy, myositis, and encephalopathy (39) .
Myositis has been reported as a complication of Lyme borreliosis in both the United States (2) and Europe (28) . In one series from the United States, 40% of 312 patients with Lyme borreliosis had myalgia and 4% had muscle tenderness (57) . Myositis is also a feature of several animal models of Lyme borreliosis (36, 49) . The pathogenesis of Lyme borreliosis has been studied with nonhuman primates (NHPs) inoculated by syringe with North American sensu stricto strain N40 of B. burgdorferi (42) . During infections of immunosuppressed NHPs inoculated by syringe with N40, we found that skeletal muscles had the highest spirochetal load of all the tissues examined (11) . During infections of transiently immunosuppressed (TISP) NHPs, we found that skeletal and cardiac muscles had the most severe inflammation of all the tissues examined (40) .
The goal of the present study was to continue the characterization of skeletal muscle involvement in Lyme borreliosis in primates. Specifically, we compared the effects of infection with different genospecies of B. burgdorferi on skeletal muscle involvement, (ii) compared the effects of tick bite versus needle inoculation with strain N40, and (iii) studied the inflammatory responses in skeletal muscles at the cellular and molecular levels.
MATERIALS AND METHODS
Animals and Borrelia strains. Sixteen male adult Macaca mulatta animals with an average age of 3.5 years (range, 3 to 4) were inoculated for these experiments. Tissues from two additional M. mulatta animals that were never inoculated with borreliae were used as negative controls. The housing and care were in accordance with the Animal Welfare Act and the Guide for the Care and Use of Laboratory Animals in facilities accredited by the American Association for Accreditation of Laboratory Animal Care. All inoculations were done intradermally with strain N40 of B. burgdoferi sensu stricto by needle (n ϭ 8) or by tick bite (n ϭ 4) or with strain Pbi of B. garinii by needle (n ϭ 4). For needle inoculation, a total dose of 10 6 spirochetes was injected intradermally over 8 to 10 different areas of shaved skin on the backs of the animals.
Tick inoculation. Ixodes scapularis ticks free of B. burgdorferi inherited infection were obtained as field-collected adults from southern Connecticut (cordially provided by Durland Fish, Yale University, New Haven, Conn.). A single cohort of adult ticks produced all of the larvae used for the tick-inoculation experiments described in this study. To generate infected nymphs, larvae were allowed to engorge on C3H mice that had been infected with B. burgdorferi for 2 weeks. Engorged larvae were collected and then allowed to molt and harden into nymphs. Ten percent of the pool of molted infected nymphs was tested by real-time PCR. The results showed that 97.3% were PCR positive for B. burgdorferi DNA. The average number of spirochetes per nymph was 4.15 ϫ 10 4 (standard deviation [SD] , Ϯ3.2 ϫ 10 4 ). Prior to tick infestation (day 3), NHPs were habituated to a vest. On day 0, the skin between the shoulders was shaved, a tick chamber was placed on that area, and then eight infected nymphal ticks were placed in the chamber for each monkey. The chambers were inspected on days 1, 2, and 3 to assess the number of attached ticks. If fewer than four ticks were attached, three additional ticks were introduced for each unfed tick. The number of engorged nymphs per animal was in the range of five to eight. All of the ticks were collected from each animal and tested by real-time PCR. The results showed that all of them were PCR positive, with an average number of spirochetes per nymph of 3.5 ϫ 10 5 (SD, Ϯ2.11 ϫ 10 5 ). Borreliae were cultured at 34°C in BSK-H medium with 6% rabbit serum (Sigma). All but two NHPs were immunosuppressed with dexamethasone starting 1 week prior to inoculation (day Ϫ7) ( Table 1 and Fig. 1 ). The duration of immunosuppression varied: 10 NHPs were TISP, and 4 were permanently immunosuppressed (IS) (Fig. 1 ). Blood and cerebrospinal fluid were collected every 2 to 3 weeks to test for the presence of anti-B. burgdorferi antibodies. IS and TISP NHPs were euthanatized 50 and 90 days after inoculation, respectively. Immunocompetent (IC) NHPs were euthanatized 4 months after inoculation. After exanguination and intracardiac perfusion with buffer to minimize blood contamination, several tissues were collected (11) . Tissues were processed by routine formalin fixation and embedding in paraffin or snap-frozen in isopentane chilled to less than Ϫ140°C in liquid nitrogen. Paraffin sections were cut at 5 m, and frozen sections were cut at 8 m.
HE staining. Inflammation was assessed by examination with hematoxylineosin (HE) staining. To compare the severity of inflammation, HE-stained muscle sections were scored by a masked examiner (D.C.) on the basis of the mean number of inflammatory foci per ϫ40 microscopic field as follows: no inflammation, 0; 1 to 3 foci, 1ϩ; 4 to 10 foci, 2ϩ; 11 to 20 foci, 3ϩ; and more than 20 foci, 4ϩ.
ELISA. A serum enzyme-linked immunosorbent assay (ELISA) was performed as described previously (43) with some modifications. Each plate contained a positive control. The antigens were sonicates of B. burgdorferi strains N40 and Pbi (9) . Two hundred microliters of sonicate coating solution was added to microtitration plates (Linbro Scientific, Hamden, Conn.) at a concentration of 5 g/ml and incubated overnight at 4°C (43) . The plates were washed three times with phosphate-buffered saline (PBS)-0.05% Tween 20, and 200 l of monkey sera was added at a 1:5,000 dilution. Sera found to be negative were run again at lower dilutions, as low as 1:200. The plates were incubated with primary antibody for 2 h at 37°C and washed again as described above. Two hundred microliters of horseradish peroxidase-conjugated donkey anti-human immunoglobin G (IgG) or IgM (Jackson Immunoresearch) was diluted 1:10,000 in PBS-Tween 20 and added to each well, and incubation was continued for an additional 2 h at 37°C. The plates were washed, and 200 l of tetramethylbenzidine chromogen was added to each well, followed after 5 to 10 min by 50 l of 8% sulfuric acid FIG. 1. Immunosuppression of the majority of NHPs with dexamethasone to increase the probability of infection, starting 1 week prior to inoculation. Some NHPs were necropsied 40 days after discontinuation of dexamethasone (TISP; broken line). Others were necropsied while still receiving dexamethasone (IS; solid line). e Positive only when sera were diluted Յ1:500 (as opposed to the standard 1:5,000 dilution).
to stop the reaction. The plates were read immediately with an ELISA spectrophotometer (Bio-Rad). The standard positive control was serum obtained from a monkey with high titers of IgG and IgM antibodies and run within its linear range of dilutions. All serum samples were tested in duplicate.
Immunohistochemical and digital image analyses. Immunohistochemical analysis was performed as previously described (11, 12) . Endogenous peroxidase activity was reduced by incubation with 3% H 2 O 2 for 10 min at room temperature. Nonspecific binding was blocked with 3% normal monkey serum for frozen sections or Power Block (Biogenex) for paraffin sections. Rabbit anti-human IgG (Dako A0423), IgM (Dako A0425), Ki67 (Dako A047), C1q (the first component of the complement cascade) (Dako A0136), and CD3 (T-cell marker; Dako A0452) polyclonal antibodies or mouse anti-human CD20 (B-cell marker; Dako M0755), CD8 (suppressor of cytotoxic T cells; Dako M7103), p63 (plasma cell marker; Dako M7077), and Ham56 (monocyte/macrophage marker; Dako M0632) monoclonal antibodies were used as primary antibodies.
The p63 protein is an intracellular type II transmembrane protein localized in the rough endoplasmic reticulum and expressed only by plasma cells among hematopoietic cells (54) . However, p63 also binds melanocytic, epithelial, and endothelial cells (61) . The following primary antibodies were used to study the expression of Borrelia proteins: mouse monoclonal antibodies H9724 for flagellin (3), H5332 for OspA (4), and H614 for OspB (4); rabbit hyperimmune serum to recombinant OspC (21); and rabbit antiserum 10060 to glutathione S-transferase-VlsE1c (fusion protein) for VlsE (33) . For negative controls, duplicate sections on each glass slide were incubated with affinity-purified nonspecific IgG matched for concentration, species, and isotype. A section incubated with wash buffer (see below) instead of primary antibodies was included in all assays to control for nonprimary antibody-related background. The positive controls for inflammatory markers were spleen sections. The positive controls for Borrelia strains were frozen homogenates of cultured strain N40 in M-1 embedding matrix (Shandon). The secondary reagent was biotinylated goat anti-rabbit or goat anti-mouse polyclonal antibody (Biogenex). The tertiary reagent was horseradish peroxidase-labeled streptavidin (Biogenex). Incubation times were 30 min for the primary reagents and 20 min for the secondary and tertiary reagents. The chromogen was 3,3-diaminobenzidine tetrahydrochloride in 0.24% H 2 O 2 and was used for 5 to 15 min. The counterstain was Mayer's hematoxylin in H 2 O and was used for 1 min. No counterstain was used for image analysis immunostaining. Each incubation was separated by washes with OptiMax wash buffer (Biogenex). Sections from monkey spleens were used as positive controls. A catalase amplification system (Dako) was used for the detection of CD8. The intensity and extent of the immunohistochemical stains were compared by digital image analysis with Image-Pro Plus software, version 4.1. For this, a masked examiner (Y.B.) took three or four digital pictures at a magnification of ϫ40, ϫ100, or ϫ200 per microscopic section. The mean and SD sum area and the mean and SD sum optical density per microscopic field were determined and compared between groups for statistical significance. The area refers to the number of pixels positive for the signal of interest, while the optical density is used to correct for the relative intensity of each positive pixel. The sum is determined by adding the individual results for each of the fields measured per section.
Immunoblotting. One hundred milligrams of frozen skeletal muscle was sliced very thinly with a disposable scalpel and thawed in lysis buffer (see below) containing a cocktail of protease inhibitors. One milliliter of lysis buffer contained 950 l of radioimmunoprecipitation assay buffer (see below), 10 l of phenylmethylsulfonyl fluoride (10 mg/ml), 30 l of aprotinin (Sigma A6279), and 10 l of 100 mM sodium orthovanadate. Radioimmunoprecipitation assay buffer contained PBS, Igepal CA-630 nonionic detergent (Sigma), 0.5% sodium deoxycholate, and 0.1% sodium dodecyl sulfate. The tissues were further disrupted and homogenized with a Fast Prep system (Bio 101). After the addition of 30 l of phenylmethylsulfonyl fluoride (10 mg/ml)/g, the tissue homogenates were incubated on ice for 30 min, followed by centrifugation at 4°C for 10 min at 10,000 ϫ g. Protein concentrations in the supernatants were determined with the bicinchoninic acid protein assay (Pierce). Dot blots were prepared by spotting 0.1 to 1 g in duplicate from each protein extract onto polyvinylidene difluoride membranes (Millipore), which were allowed to dry for 5 min at room temperature. After blocking for 1 h in 5% nonfat dried milk in Tris-buffered saline with 0.1% Tween 20 at room temperature, the membranes were incubated with primary antibodies for 1 h, washed three times, and incubated with secondary antibodies for an additional 1 h. The primary antibodies were rabbit anti-human IgG (Dako) or IgM polyclonal antibodies at a 1:5,000 dilution or anti-human Ki67 at a 1:100 dilution. The secondary antibodies were alkaline phosphatase-conjugated goat anti-rabbit IgG (Sigma) antibodies at a 1:5,000 dilution. Nonspecific affinity-purified IgG (Sigma) matched for concentration and isotype was used as a negative control. After incubation in fluorescence substrate enzyme-catalyzed fluorescence (Amersham Life Science RPN5785) for 5 min, the membranes were scanned with a Typhoon 8600 scanner (Amersham). The results were analyzed by densitometry with Image-Quant Software and expressed as the mean and SD. The results were compared for statistical significance by Student's t test.
RT-PCR. Total RNA was extracted from 100-mg tissue blocks or 20-m-thick cryostat sections of frozen skeletal muscle with TRIzole reagent (Life Technologies). Reverse transcription (RT) was performed with 20-l reaction volumes. The RT reaction mixture contained RT buffer (500 mM KCl, 100 mM Tris-HCl [pH 8.3]), 5.5 mM MgCl 2 , 500 M each dATP, dCTP, and dTTP, 200 M reverse primer, 0.4 U of RNase inhibitor/l, and 1.25 U of MultiScribe reverse transcriptase. One microliter of total RNA was used as a template for RT. Cycling parameters for RT were 40 min at 48°C and 5 min at 95°C. PCR primers and the TaqMan probe and primers were designed with Primer Express software (Perkin-Elmer Applied Biosystems, Foster City, Calif.).
For Borrelia quantitation, real-time TaqMan RT-PCR was used. Multiple 16S rRNA Lyme disease and relapsing fever Borrelia sequences available from GenBank were aligned, and primers were chosen to target a 136-bp-long segment common to many Borrelia spp. The forward primer corresponds to the B. burgdorferi B31 16S rRNA sequence from bp 739 to 760 (5Ј-GGTCAAGACTGAC GCTGAGTCA-3Ј; GenBank accession number U03396). The reverse primer corresponds to bp 874 to 853 (5Ј-GGCGGCACACTTAACACGTTAG-3Ј). The fluorogenic probe corresponds to bp 801 to 829 (6FAM-5Ј-TCTACGCTGTAA ACGATGCACACTTTGGTG-3Ј-TAMRA). For NHP glyceraldehyde-3-phosphate dehydrogenase (GAPDH), the forward primer was 5Ј-CCAGTGGACTC CACGACGTA-3Ј, the reverse primer was 5Ј-GCGAGATCCCTCCAAAATC A-3Ј, and the fluorogenic probe was VIC (5Ј-AGCGCCAGCATCGCCCCAC-3Ј).
The TaqMan PCR mixture contained TaqMan Universal PCR Master Mix (Perkin-Elmer Applied Biosystems PN.4304437), 100 M 16S probe, 200 M 16S forward primer, 200 M 16S reverse primer, and 10 l of cDNA as a template. Samples were run in duplicate. Amplification and detection were performed with an ABI 7700 system (Perkin-Elmer Applied Biosystems) with the following cycling conditions: uracil N-glycosylase incubation at 50°C for 2 min, AmpliTaq gold activation at 95°C for 5 min, and 50 cycles of denaturation at 95°C for 15 s and annealing-extending at 60°C for 1 min. For quantification of the spirochetal load, strain N40 spirochetes were cultured in vitro and counted in a Petroff-Hausser chamber by phase-contrast microscopy. RNA was extracted from known numbers of spirochetes, added to RNA extracted from skeletal muscle from noninfected NHPs (to control for PCR inhibition by host nucleic acid), and used in log 10 dilutions to obtain a linear-range reference curve with a coefficient of Ն0.98. PCRs with H 2 O instead of cDNA were included as negative controls. A cycle threshold (Ct) of 40 was required in all negative controls for the assay to be valid.
For C1q (GenBank accession number X03048) PCR, we used a forward primer corresponding to the sequence from bp 349 to 369 (5Ј-CTGGCTAGAC CATGGTGAGTT-3Ј) and a reverse primer corresponding to bp 862 to 881 (5Ј-AAGATGCTGTTGGCACCCTC-3Ј), with a predicted fragment size of 532 bp. The GAPDH (GenBank accession number BC029618) forward primer corresponds to the human GAPDH sequence from bp 65 to 89 (5Ј-TGAAGGTC GGAGTCAACGGATTTGG-3Ј). The GAPDH reverse primer corresponds to the human GAPDH sequence from bp 440 to 462 (5Ј-GTTCACACCCATGAC GAACATGG-3Ј).
RT-PCR amplification was carried out with a 25-l reaction mixture containing PCR buffer minus Mg (Applied Biosystems PN.808-0234), 2.5 U of Taq DNA polymerase (5 U/l; Invitrogen catalog no. 10342-053), 200 M deoxynucleoside triphosphates (dNTPs), 2 mM MgCl 2 , and 0.5 M each specific primer. The mixture was prepared before the addition of 1 l of cDNA. PCR amplification was carried out with a GeneAmp PCR system 9700 (Perkin-Elmer Applied Biosystems). The amplification program consisted of an initial denaturation step at 94°C for 5 min. The remaining cycles were 1 min at 94°C, 30 s at 58°C, and 30 s at 72°C. The number of cycles performed was 40. Final extension was done for 5 min at 72°C. After amplification, PCR products were stained with ethidium bromide and measured with a Typhoon 8600 scanner. Results were expressed as the densitometry ratio of the C1q bands to the GAPDH bands.
Statistical analysis. Differences in mean sum area or density between groups were compared for statistical significance with Student's t test and Excel software. A two-tailed analysis was used for all measures. A P value of equal or less than 0.05 was considered significant. strains were used for inoculation. B. burgdorferi sensu stricto strain N40 was used in previous studies with the NHP model of Lyme disease (40) (41) (42) . For the first time, some NHPs were inoculated with strain N40 by tick bite rather than by needle. The second strain was B. garinii strain Pbi. Strain Pbi is a human cerebrospinal fluid isolate from Germany (29, 63, 67) . Prior to inoculation into NHPs, strain Pbi was tested in outbred Swiss Webster mice and found to be infectious by culturing in BSK-H medium of bladder and/or heart tissues obtained at necropsy 1 month after inoculation. All but two NHPs were immunosuppressed with dexamethasone to increase the probability that they would become infected. The two NHPs that remained IC were necropsied 120 days after inoculation. Four NHPs necropsied 50 days after inoculation, while they were still receiving dexamethasone, were designated IS (Fig. 1) . Ten NHPs necropsied 90 days after inoculation, 40 days after dexamethasone had been discontinued, were designated TISP.
Specific antibody response. The two IC NHPs inoculated with strain N40 developed a strong but transient specific antibody response (data not shown). A serum ELISA with homologous whole-cell sonicates showed that all TISP NHPs inoculated with strain N40 by needle (group 1) or by tick bite (group 2) had specific antibodies at the time of necropsy (Fig. 2) . The levels of specific IgM or IgG antibodies were not significantly different whether strain N40 was inoculated by needle (group 1) or by tick bite (group 2) (Fig. 2) . In contrast, the specific antibody response in sera from the two strain Pbi-inoculated TISP NHPs (group 3) was much weaker (Fig. 2) . Examination of the sera from the two strain Pbi-inoculated TISP NHPs by an ELISA at a dilution lower than the standard dilution (1:500 instead of 1:5,000) showed the presence of specific antibodies in both animals (Fig. 3) . However, serum Western blotting was negative for both animals even when homologous recombinant immunoblotting was used (Bettina Wilske, personal communication).
Spirochetal load. Three methods were used to investigate infection in skeletal muscle. First, skeletal muscle needle biopsy specimens obtained at necropsy were cultured in BSK-H medium. All cultures from the IC and TISP NHPs were negative. Unfortunately, the cultures from the IS NHPs were contaminated. Second, we examined skeletal muscle infection by microscopy of immunostained sections. For this, frozen muscle sections stained with hyperimmune sera from a strain N40-infected rabbit were examined for the presence of spirochetes by light microscopy. Spirochetes were observed only in muscles from the two strain N40-inoculated IS NHPs (Fig. 4) . All muscle sections examined from these two NHPs (no. 794 and 372) had large numbers of spirochetes, as many as 5 to 10 per ϫ400 microscopic field. They were localized predominantly in connective tissue (endomysium, perimysium, and epimysium). In no case did they appear to be localized intracellulary in muscle fibers. Immunohistochemical analysis with various monoclonal and polyclonal antibodies revealed that these spirochetes did not express OspA, OspB, or OspC. The expression of flagellin was a consistent feature, but the expression of VlsE appeared weak and was not seen consistently (data not shown). This pattern of VlsE expression also was seen in the cultured spirochetes used as a positive control. This finding likely can be explained by significant differences between VlsE from B. burgdorferi strain B31 (used to immunize the rabbit to produce the anti-VlsE polyclonal antibody used for these experiments) and VlsE from strain N40. Our failure to amplify N40 VlsE with primers from B31 VlsE is evidence of this notion (data not shown).
The culture and immunohistochemical data indicated that if muscles from IC or TISP NHPs were infected, the spirochetal load would be very low. To investigate this possibility, we examined them with a sensitive and specific TaqMan RT-PCR that targets the 16S rRNA of Borrelia spp. (Table 2 ). This assay consistently detects Ͻ10 spirochetes/500 ng of host DNA (40) . For this assay, we extracted whole RNA from 100-mg blocks of frozen skeletal muscle from all NHPs. A standard curve with RNA extracted from log 10 dilutions of known numbers of strain N40 spirochetes was used for quantification. To control for the possibility of inhibition by host nucleic acid, PCR amplification was done in the absence or in the presence of 1 g of host DNA added to the standard-curve sample. To examine for the possibility of variations in spirochetal load within the same muscle, two different areas were tested. The results showed that the number of spirochetes per microgram of skeletal muscle RNA in all TISP NHPs was very low. In all but one case, strain N40-inoculated TISP NHPs had Ͻ1 spirochete/g of RNA. No spirochetes were detected in any of the skeletal muscles examined from IC NHPs (four of four samples had Ct values of 40) 5 ), respectively. Inflammation in skeletal muscle. Biceps and quadriceps muscles from all NHPs were examined for the presence of inflammation (myositis) by light microscopy of HE-stained frozen and paraffin sections. The results (Table 1) showed that all strain N40-inoculated TISP NHPs had myositis. In contrast, none of the strain N40-inoculated IC NHPs and none of the strain Pbi-inoculated NHPs had evidence of myositis in any of the more than 10 sections examined per muscle per animal. Only one of the two strain N40-inoculated IS NHPs had myositis, which was mild. No myositis was seen in any of the negative control skeletal muscles. The inflammatory infiltrates in the strain N40-TISP NHPs were predominantly perivascular and interstitial, and occasionally skeletal muscle fiber degeneration was seen (Fig. 5A) b One microgram of host nucleic acid was added to the standard-curve sample to control for the possibility of PCR inhibition by host nucleic acid. In the presence of host nucleic acid, a different areas of the biceps muscle (samples 1 and 2) were examined to search for variations in spirochetal loads between different areas of the same muscle.
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on February 23, 2013 by PENN STATE UNIV http://iai.asm.org/ strain N40 was compared by a masked examiner (D.C.) using light microscopy of HE-stained sections (Table 3) . A score of 0 to 4ϩ for the number of inflammatory foci was used (see Materials and Methods for details). The results showed that myositis was significantly more severe in needle-inoculated than in tick-inoculated TISP NHPs. In needle-inoculated TISP NHPs, five of eight sections had a score of Ն2; in contrast, in tick-inoculated TISP NHPs, five of eight sections had a score of Ͻ1 (P Ͻ 0.05). To confirm these observations, the severity of inflammation was also compared by digital image analysis of Ki67-immunostained sections (Fig. 5D ) by a different masked examiner (Y.B.) ( Table 3 ). The results showed that the mean sum area in square micrometers positive for Ki67 immunostaining was significantly larger in needle-inoculated than in tick-inoculated TISP NHPs (5.9 ϫ 10 3 versus 2 ϫ 10 3 ) (P Ͻ 0.0001). The coefficient of correlation between the severity of myositis (measured by Ki67 immunostaining) and the spirochetal load (measured by TaqMan RT-PCR) was only 0.36.
Analysis of cellular inflammatory infiltrates. Microscopic examination of HE-stained muscle sections revealed significant skeletal muscle inflammation in strain N40-inoculated TISP NHPs (Table 3 ). In addition to mononuclear cells, there were also numerous cells with the characteristic morphological features of plasma cells. To further characterize the inflammatory infiltrates in strain N40-inoculated TISP NHPs, we used immunostaining for T cells (CD3) (Fig. 5B) , B cells (CD20), plasma cells (p63) (Fig. 5C ), and macrophages (Ham56). Light microscopic examination indicated that the predominant inflammatory cells were T cells and plasma cells. Immunostaining with anti-CD8 monoclonal antibody showed that the majority of T cells were CD8 ϩ (data not shown). Digital image analysis was used to compare the extent of T-cell and plasma cell infiltration in the three groups of TISP NHPs, groups 1 to 3. The results showed that there was significantly more CD3 (Fig. 6A) and p63 (Fig. 6B ) immunostaining in skeletal muscle from groups 1 and 2 than in that from group 3. When groups 1 and 2 were compared, significantly more CD3 immunostaining was found in group 1 (P Ͻ 0.01). In contrast, there was no difference in p63 immunostaining between groups 1 and 2. The p63-positive immunostaining observed for group 3 TISP NHPs (Fig. 6B ) originated mainly from connective tissue of the endomysium and perimysium, whereas no cells with morphological features of plasma cells were identified on HE-stained sections. This signal appeared to originate from endothelial cells, which can be p63 positive (61) .
Next, we selected one of the group 1 NHPs (no. 199) to compare the extent of T-cell (CD3) and plasma cell (p63) infiltration in muscle with that of B-cell (CD20) and macrophage (Ham56) infiltration and to measure cellular proliferation (Ki67) (Fig. 6C ). CD3 and p63 were significantly more prevalent than CD20 or Ham56. The mean and SD sum areas in square micrometers per ϫ40 microscopic field were 13,942 Ϯ 2,945 for p63, 10,375 Ϯ 4,086 for CD3, 418 Ϯ 340 for CD20, and 268 Ϯ 118 for Ham56. The corresponding value for the cellular proliferation marker Ki67 was also increased, at 3,656 Ϯ 1,860, but was lower than that of CD3 or p63. These results indicated that significant numbers of CD3-or p63-positive cells were not proliferating.
Digital image analysis of molecular inflammatory infiltrates. Plasma cells were abundant in skeletal muscle from TISP NHPs infected with strain N40 by tick bite or needle. Since the production of immunoglobulin is the primary function of plasma cells, we next searched for the presence of antibody and complement in inflamed muscles from strain N40-inoculated TISP NHPs (groups 1 and 2) and compared the findings with those for muscles with no evidence of inflammation in the strain Pbi-inoculated TISP NHPs (group 3). Light microscopic examination revealed extensive deposition of IgM (Fig. 5E) and IgG (Fig. 5F ) in muscle membranes and blood vessels and in connective tissue (endomysium and perimysium) from inflamed but not from noninflamed muscles. Digital image analysis of frozen sections immunostained with antibodies specific for IgM, IgG, or C1q was used to compare the extent of antibody and complement deposition in these three TISP groups (Fig. 7) . The mean sum areas positive for IgM deposition in square micrometers per ϫ40 microscopic field were 8.5 ϫ 10 5 , 1.8 ϫ 10 5 , and 4.6 ϫ 10 3 for groups 1, 2, and 3, respectively. IgM deposition was significantly higher for groups 1 and 2 than for group 3 (the P value was 0.017 for group 1 versus group 3, and the P value was 0.04 for group 2 versus group 3). IgM deposition was also significantly higher for group 1 than for group 2 (P ϭ 0.007). There were also significant differences in IgG deposition. The mean sum areas positive for IgG deposition in square micrometers per ϫ40 microscopic field were 1.12 ϫ 10 6 , 1.28 ϫ 10 6 , and 8.3 ϫ 10 5 for groups 1, 2, and 3, respectively (the P value was 0.001 for groups 1 and 2 versus group 3). In contrast to the findings for IgM, there was no significant difference in IgG deposition between groups 1 and 2. The results showed there was also deposition of the C1q complement protein, although it was much lower than that of IgM or IgG (Fig. 7) . C1q deposition was significantly higher in groups 1 and 2 than in group 3 (P Ͻ 0.001) and in group 1 than in group 2 (P ϭ 0.04). C1q was localized predominantly in the endomysium and perimysium (data not shown), similar to IgM and IgG ( Fig. 5E and F) . These results revealed significant deposition of antibody and complement in inflamed skeletal muscle from strain N40-inoculated NHPs.
Analysis of antibody deposition in skeletal muscle by immunoblotting. Digital image analysis of immunostained sections showed significantly increased deposition of antibody and complement in inflamed muscle from strain N40-inoculated TISP NHPs. However, digital image analysis can measure only small areas of tissue at a time. To compare antibody deposition in larger tissue samples, we used quantitative densitometry of fluorescent dot blots. For this, 1 mg of whole protein extracts from 100-mg tissue blocks per muscle per animal was dot blotted in triplicate on polyvinylidene difluoride membranes and probed with IgG-or IgM-specific antibodies, and the relative fluorescence of each dot was measured by densitometry with a Typhoon 8600 scanner. The results are summarized in Table 4 . The amounts of IgG and IgM were higher in strain N40-inoculated TISP NHPs than in strain Pbi-inoculated TISP NHPs. The amount of IgG was significantly higher in group 1 than in group 2 (P Ͻ 0.0001) or group 3 (P ϭ 0.007). The amount of IgM was significantly higher in groups 1 and 2 than in group 3 (the respective P values were 0.003 and 0.01). Group 1 had more IgM than group 2, but the difference did not reach statistical significance (P ϭ 0.08). A similar dot blot analysis for C1q could not be done because of insufficient sensitivity of the 
Measurement of total antibody in serum.
The finding of increased deposition of antibody in inflamed muscle from strain N40-inoculated TISP NHPs raised a question regarding the source of this antibody. One possibility was that it was produced locally by the large number of plasma cells found in inflamed skeletal muscle (Fig. 5C and 6B ). An alternative (or complementary) source was circulating antibody produced by plasma cells present in the lymph nodes, spleen, or other lymphoid organs or sites of chronic inflammation (55) . To investigate these possibilities, we measured the amounts of total circulating antibodies in necropsy sera for the three groups of TISP NHPs. The results (Fig. 8) showed that the amounts of total IgM antibodies in necropsy sera were significantly higher in groups 1 and 2 than in group 3 (the respective P values were 0.02 and 0.05). The amounts of total IgG antibodies in necropsy sera from groups 1 and 2 were also higher than those for group 3, but the differences did not reach statistical significance (the respective P values were 0.07 and 0.34). These results showed increased total antibody levels in N40-inoculated TISP NHPs and suggested that one potential source of IgM antibodies deposited at sites of chronic inflammation, including skeletal muscles, is circulating antibodies.
Measurement of C1q expression in muscle by RT-PCR. Digital image analysis of immunostained sections showed increased deposition of C1q in muscle, but this finding could not be confirmed by dot blot analysis because of insufficient sensitivity. Therefore, we used RT-PCR to compare the amounts of C1q gene expression in skeletal muscle from the three groups of TISP NHPs. The results, expressed as the mean and SD ratio of C1q densitometry to GAPDH densitometry (ϫ100) in the respective RT-PCR products, were 74.6 Ϯ 1.2, 72.7 Ϯ 8.8, and 48.3 Ϯ 3.6, respectively, for groups 1, 2, and 3. The differences between groups 1 and 3 and between groups 2 and 3 were statistically significant (the respective P values were 0.05 and 0.02). These results confirmed that C1q deposition was increased in inflamed skeletal muscle from N40-inoculated TISP NHPs. Just as important, since mRNA was measured, they revealed that C1q was actually being synthesized in muscle and was not merely being deposited from the circulation.
FIG. 6. CD3 (A) or p63 (B) immunostaining in skeletal muscle
from TISP NHPs inoculated with strain N40 by needle (group 1) or by tick bite (group 2) or with strain Pbi by needle (group 3). Results are given as mean and SD sum density in arbitrary units (CD3) or sum area in square micrometers per ϫ40 microscopic field (p63). (C) Immunostaining for various inflammatory markers in skeletal muscle from a strain N40 needle-inoculated TISP NHP (no. 199), shown in mean and SD square micrometers per ϫ40 microscopic field. Ki67, proliferation marker; CD3, T-cell marker; CD20, B-cell marker; Ham56, macrophage marker; p63, plasma cell marker. a Severity of inflammation was graded from 0 to 4ϩ on HE-stained slides, as determined by masked examiner (see Materials and Methods for details).
b Mean and SD sum area in 10 3 square micrometers per ϫ40 microscopic field, as determined by masked digital image analysis of Ki67-immunostained sections (different sections from the same block as that used for HE staining).
DISCUSSION
This article presents a comprehensive investigation of skeletal muscle involvement in experimental Lyme borreliosis in NHPs. The focus was on skeletal muscle because prior studies showed that skeletal muscle has the highest spirochetal load of any tissue examined in NHPs inoculated with B. burgdorferi (11) . Our studies over the years with strain N40 have shown that IC NHPs are relatively resistant to Lyme borreliosis (40, 42, 44, 45) . This was in fact the case with the two IC NHPs examined in this study, which developed a strong and early specific antibody response and showed no evidence of infection or inflammation in skeletal muscles at necropsy. Therefore, we used different degrees of immunosuppression to study both infection (in IS NHPs) and the host inflammatory response (in TISP NHPs).
The main findings of the study were as follows. Myositis developed in TISP NHPs but not IS NHPs, probably because the continuous use of steroids inhibited the muscle inflammatory response to the infection. The reason why myositis developed in strain N40-inoculated TISP NHPs but not in strain Pbi-inoculated TISP NHPs is less clear. The most likely explanation is that strain Pbi was less infectious for NHPs than strain N40. This notion is supported by the finding that only one out of four Pbi-inoculated TISP NHPs developed a significant specific antibody response (Table 1) . Furthermore, a sensitive TaqMan assay consistently found between 0 and Ͻ1 spirochete/g of RNA in all muscles tested from Pbiinoculated NHPs (Table 2) , confirming a very low spirochetal load despite absent or lower specific antibody titers. Another possibility is that Pbi-inoculated NHPs were not capable of mounting an effective humoral and cellular inflammatory response to the infection. Contrary to most laboratory mice, NHPs are outbred and may have heterogeneous immune responses to Borrelia infection. We believe that this possibility is unlikely, because in such a case, a higher spirochetal load would be expected. Furthermore, all rhesus macaques inoculated with strain Pbi were from the same colony, of the same sex, and of a similar age as those inoculated with strain N40. Additionally, examination of other tissues from strain Pbiinoculated NHPs showed that at least one of them had significant inflammation characteristic of Lyme borreliosis in other organs (meningoradiculitis) (NHP no. 321; unpublished results). Finally, another possibility is that the development of myositis in strain N40-inoculated TISP NHPs was the result of a higher spirochetal load in infected muscles early during the immunosuppressive phase, leading to a more severe inflammatory response after the steroids were tapered off. Previous studies indicated a positive correlation between inflammation and the spirochetal load in tissues from antibody-deficient mice persistently infected with the relapsing fever agent Borrelia turicatae (12, 13) .
There were several significant differences in the inflammatory responses in skeletal muscles from TISP NHPs inoculated with strain N40 by needle versus by tick bite. Overall, the level of inflammation was lower in tick bite-inoculated NHPs. Although tick bite-inoculated TISP NHPs had lower levels of T-cell infiltration and IgM and C1q deposition, the level of plasma cell infiltration was similar to that in needle-inoculated NHPs. One possibility is that these differences can be explained by different numbers of spirochetes being inoculated by needle versus by tick bite. However, our estimates of the numbers of spirochetes inoculated by tick bite (see Materials and Methods) were similar to those delivered by needle. Another possibility is that inoculation by tick bite was immunosuppressive for the NHPs in addition to the effect of the steroids on the immune system. In C3H/He J mice infected with B. burgdorferi, tick infestation results in the upregulation of interleukin 4 (IL-4) and IL-10 and in the downregulation of IL-2 and gamma interferon (65) . In hamsters, the antibody response to tick-transmitted B. burgdorferi is different from that to needle-inoculated cultured spirochetes (50) . A similar phenomenon has been noted for NHPs inoculated with B. burgdorferi (46) .
The finding of multifocal collections of lymphocytes and plasma cells in perivascular locations is consistent with the pathology of Lyme borreliosis in humans (19, 58) and experimental animals, including rodents (66) and NHPs (11) . Plasma cells during infection are prominent in lymph nodes, the spleen, and sites of chronic inflammation (55) . They are cellular factories devoted entirely to the manufacture and export of a single product, soluble immunoglobulins. The life span of plasma cells varies from a few days to many months (14) . Plasma cells are consistently found in tissues chronically infected with many different pathogens, including parasites and viruses (1, 20) . The continuing presence of plasma cells may be an indication that low numbers of spirochetes are still present in TISP NHPs. In support of this notion is the finding that very low but detectable amounts of spirochetal RNA were found in TISP muscles by TaqMan RT-PCR ( Table 2 ). The continuous production of specific antibodies by long-lived plasma cells may be a requirement for keeping the spirochetal load at such low levels.
One of the consequences of inflammation in strain N40-inoculated TISP NHPs was increased deposition of antibodies and complement. There are at least two potential sources of these antibodies-plasma cells which, as mentioned earlier, are abundant in inflammatory lesions (Fig. 5C) , and circulating antibodies (Fig. 8) . Both IgM and IgG are capable of activating complement and may be responsible for some of the tissue injury observed in neuroborreliosis. The specificity of the excess antibodies found in tissues and in the blood is not known but probably includes both specific and nonspecific antibodies. B. burgdorferi is a well-known polyclonal B-cell activator (53) .
The level of C1q was also found to be increased in inflamed muscles. C1q, the collagen-like and Fc-binding component of the complement system, is synthesized mainly in macrophages and epithelial cells, although endogenous production by cardiac (64) and skeletal (34) muscle fibers has been reported. Its synthesis by skeletal muscle fibers is upregulated by stimulation with gamma interferon (34) or after ischemia (64) . C1q is a large and complex protein that, besides functioning as the first component of the classical pathway of complement activation, also can induce the production of cytokines (IL-6) and chemokines (IL-8) important for the acute-phase response and the recruitment of inflammatory cells (62) . C1q-containing immune complexes can bind via a specific receptor for C1q (C1qR) to various cells, including endothelial cells, fibroblasts, and epithelial cells. C1q binding to its receptor (C1qR) enhances the secretion of immunoglobulins by plasma cells. The C1qR that enhances phagocytosis, C1qRP, is expressed in cells of the myeloid lineage, endothelial cells, and platelets (37) . Nearly all humans with Lyme borreliosis have abnormal serum C1q-binding activity from the onset of erythema migrans, and this activity is persistent in patients with subsequent nerve or heart involvement (24, 25) . Peripheral neuropathy observed in rhesus macaques infected with B. burgdorferi correlated in the most severely affected monkey with the presence of higher levels of C1q-binding immune complexes (49) . Our data support the view that C1q production and deposition may be important components of the inflammatory response that may lead to tissue injury during neuroborreliosis.
Studies by various investigators with IS NHPs (11) and rodents by silver staining (7) and electron microscopy (38) have shown that B. burgdorferi has a tropism for the extracellular collagenous matrix of many tissues. This property also has been observed for human Lyme disease, in the skin (8), skeletal muscle (47) , and synovium (30) . In the present study, we observed spirochetes by immunohistochemical analysis only in muscles from IS NHPs which were found to have a very high spirochetal load by TaqMan RT-PCR. This finding suggests that C3H mice, which are commonly used for studies of experimental murine Lyme borreliosis and in whose tissues spirochetes are easily found by light microscopy, resemble more closely our IS NHPs than IC NHPs or TISP NHPs. Humans with Lyme borreliosis, in whom spirochetes are very difficult to find in tissues (26) , except early during the infection or after dissemination only when very sensitive assays such as PCR are used (22) , resemble more closely our IC NHPs or TISP NHPs.
Relatively little is known about skeletal muscle involvement in humans with Lyme borreliosis. It has been reported to occur from 7 weeks to 5 months after the initial infection (17, 18) . In early Lyme disease, muscle pain, together with debilitating malaise and fatigue, is one of the most frequent clinical features. The pain is intermittent and generally migratory, involving not only muscles but also joints and tendons. In one study in the United States 42% of 312 patients with Lyme borreliosis complained of myalgia, and 4% had muscle tenderness on examination (59) . Myalgia may persist after inadequate treatment with antibiotics (31) . Some patients complain of swelling of proximal muscles, such as those in the thighs. It is said to be characteristically localized to the vicinity of skin lesions, arthritis, or neuropathy (28, 47) , although myositis affecting all limbs has been reported (47) . The majority of patients have normal creating phosphokinase values (28) . It has been reported to mimic dermatomyositis (27) . Muscle biopsy specimens obtained in a few cases show collections of lymphocytes and plasma cells tightly packed around branches of the intramuscular veins (17, 18) . Macrophages also can be present (2) . A study of seven European cases reported the finding spirochetes in six and a predominance of T cells and macrophages (35, 47) . Fiber degeneration and increased expression of major histocompatibility complex class I but not of major histocompatibility complex class II have been reported (35) . Attempts to culture spirochetes from muscle biopsy specimens have been unsuccessful (48) , but silver staining has revealed the presence of spirochetes (2, 17, 18) . Gallium-67 scans have shown intense skeletal muscle uptake in some cases (2, 32) . Antibiotic treatment is usually but not always effective (48) . Rarely, necrotizing myopathy has been reported (52) .
Lyme myositis also has been observed in several experimental animals, including NHPs, rats, mice, and gerbils. It is more common in immunosuppressed animals. Of 35 mice with severe combined immunodeficiency (scid) and inoculated with B. burgdorferi strain ZS7, 69% had myositis, compared with 0 of 8 IC controls of the same genetic background (36, 51) . The inflammation in scid mice is mononuclear, interstitial, and perivascular, with associated necrosis of muscle fibers (36, 51) . NIH-3 immunodeficient mice persistently infected with B. burgdorferi strain 297 also developed advanced interstitial myositis and focal myonecrosis (16) . In contrast, myositis was found in only 14% of 14 IC mice of the AKR/N genotype (36) , which are susceptible to arthritis. Spirochetes have been observed by nonspecific silver impregnation techniques in skeletal muscle of experimentally infected rats (5, 6) and mice (7). Cadavid et al. reported previously the absence of myositis in immunosuppressed NHPs despite infection by large numbers of spirochetes; in contrast, in cardiac muscle the inflammation was severe despite a lower spirochetal load (11) . In another study of IC NHPs inoculated by tick bite with B. burgdorferi strain JD1, only one of six animals was found to have myositis (49) .
The experiments reported here provide new insights into the aspects of infection and immunity important for skeletal muscle involvement in Lyme borreliosis. We learned that myositis can occur as a complication of infection with some but not all B. burgdorferi strains. An effective immune response is likely to eradicate the infection and prevent tissue injury. However, any failure of the immune response may result in persistent lowlevel infection and chronic inflammation. An important role for antibody and complement deposition in the pathogenesis of neuroborreliosis is suggested by our data. More studies are needed to ascertain the specificity of the antibodies that accumulate in inflamed tissues and to confirm whether persistent low-level infection may be reactivated.
